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ABSTRACT 

Fusible seals composed of an alloy of bismuth and tin in 
the eutectic ratio a re used in the EBR-II rotating shield plugs. 
Because the seal alloy is exposed to sodium in the form of vapor 
or aerosol from the pr imary tank, the plug seals have been a 
continuing source of difficulty since the system became operable. 
We report our investigations of the solubility of sodium in the 
seal alloy at its normal operating temperature . 

Intermetallic compounds of sodium with bismuth or tin 
usually have melting points above the operating temperature range 
of the fusible seals . The results of thermal analyses of a ser ies 
of alloys containing bismuth and tin in the eutectic ratio and vary
ing concentrations of sodium show that the solubility of sodium 
in busmuth-tin eutectic alloy is approximately 0.35 wt % at 177°C 
(350°F). Apparently solids resulting from the reaction of sodium 
with the seal alloy will not begin to build up in the seals until this 
solubility has been exceeded. Similar analyses were made of a 
se r ies of alloys containing bismuth and tin»in the eutectic ratio 
and approximately 1 wt % indium and varying concentrations of 
sodium. The solubility of sodium in the alloy containing indium 
is approximately 0.50 wt % at 177°C (350°F). 

Some associated experiments concerning dross-formation 
r a t e s , alloy purification, and corrosion are reported. 

I. INTRODUCTION 

Experimental Breeder Reactor II (EBR-II) is an important part of 
this nation's liquid metal fast breeder reactor program. Knowledge and 
experience gained from the operation and maintenance of this facility will 
be invaluable to the design of future reactors of this type. Reference 1 
contains a complete description of the EBR-II complex. 

One problem associated with a sodium-cooled reactor is containment 
of the coolant, which requires an inert atmosphere over all l iquid-metal 



s u r f a c e s . The E B R - I I c o r e and the a u x i l i a r y r e a c t o r e q u i p m e n t a r e c o n 
ta ined in the p r i m a r y tank , which a l s o con t a in s the bu lk s o d i u m coo lan t . 
A c c e s s t h rough the p r i m a r y - t a n k c o v e r for the i n s e r t i o n or r e m o v a l of 
r e a c t o r - c o r e c o m p o n e n t s is p r o v i d e d in p a r t by two r o t a t i n g sh ie ld p l u g s . 
The l a r g e r of t h e s e two p lugs is moun ted in the p r i m a r y - t a n k c o v e r wi th 
i t s ax i s co inc iden t with the a x i s of the r e a c t o r c o r e . A s m a l l e r r o t a t i n g 
plug is mounted e c c e n t r i c a l l y ins ide the l a r g e r o t a t i n g p lug . Th i s d e s i g n 
a l lows the c o r e - s u b a s s e m b l y handl ing m e c h a n i s m to be p o s i t i o n e d at any 
d e s i r e d point ove r the r e a c t o r c o r e . T h i s r e p o r t e x p l o r e s in dep th the 
so lub i l i ty of sod ium in the r o t a t i n g - p l u g s e a l a l loy a t i t s n o r m a l o p e r a t i n g 
t e n n p e r a t u r e . 

The s e a l be tween the l a r g e ro t a t i ng p lug and the p r i m a r y - t a n k cover 
c o n s i s t s of a c i r c u l a r channe l con ta in ing b i s m u t h - t i n e u t e c t i c a l l oy and a 
c i r c u l a r a p r o n tha t d ips into th i s channe l . The channe l is a p a r t of the 
p r i m a r y - t a n k c o v e r , but the a p r o n or dip r i n g is p a r t of the r o t a t i n g plug. 
The s e a l be tween the l a r g e and s m a l l r o t a t i n g p lugs is s i m i l a r in d e s i g n to 
the one be tween the l a r g e ro t a t i ng plug and the p r i m a r y - t a n k c o v e r , a s 
shown in F ig . 1. 

The two s e a l s a r e des igned to con ta in the a r g o n a t m o s p h e r e of the 
p r i m a r y tank and a r e c o m p l e t e l y effect ive only if the b i s m u t h - t i n a l loy is at 
l e a s t p a r t i a l l y m o l t e n a t a l l t i m e s . H o w e v e r , a fully m o l t e n condi t ion is 
r e q u i r e d for plug ro t a t i on . The a l loy s u r f a c e in the i n n e r annu lus of each 
s e a l is p r o t e c t e d f rom oxidat ion by the a r g o n a t m o s p h e r e of the p r i m a r y 
tank. A s e c o n d a r y s e a l and the p r o v i s i o n for an i n e r t - g a s p u r g e w e r e in 
cluded in the des ign of the s e a l s to p r e v e n t ox ida t ion of the a l l oy in the outer 
annulus of each s e a l ( see F ig . 1), but th i s s e c o n d a r y s e a l has b e e n inef fec
t ive . S a m p l e s of p u r g e gas w e r e d e t e r m i n e d to con ta in a c o n s i s t e n t 4 -8% 
oxygen b e c a u s e of a i r i n - l e a k a g e . As a r e s u l t , a wet d r o s s i s f o r m e d in the 
channe l s by r e a c t i o n of the a l l oy with oxygen. B e c a u s e the s e c o n d a r y s e a l 
IS i n a c c e s s i b l e , c o r r e c t i o n of t h i s condi t ion is i m p r a c t i c a l . 

Ex t ens ive e x a m i n a t i o n of the wet d r o s s showed i t s con t en t s to be 
a p p r o x i m a t e l y 10 wt % t in m o n o x i d e , 80 wt % m e t a l , and 5 wt % sod ium. 
Sodium was ana lyzed a s s o d i u m c a r b o n a t e , and the r e l a t i v e a m o u n t s of oxide 
and m e t a l w e r e f i r s t d e t e r m i n e d by p a s s i n g d r y h y d r o g e n ove r the hea ted 
d r o s s . The r e s u l t s of th i s a n a l y s i s w e r e s u b s e q u e n t l y v e r i f i e d by X - r a y 
a n a l y s i s . The X - r a y a n a l y s i s a l s o v e r i f i e d t h e r m o d y n a m i c t h e o r y by 
showing that t in i s p r e f e r e n t i a l l y ox id ized ; only t r a c e q u a n t i t i e s of b i s m u t h 
w e r e found in the oxide . 

P r o p e r o p e r a t i o n of the r o t a t i n g s e a l p lugs is v i t a l to the o p e r a t i o n of 
the r e a c t o r . The bui ldup and s u b s e q u e n t c o m p a c t i n g of the wet d r o s s in the 
ou te r annul i of the s e a l s have , on s e v e r a l o c c a s i o n s , p r e v e n t e d n o r m a l r o t a 
tion of the s e a l p l u g s . Compac t i ng of the d r o s s i s enhanced b e c a u s e of a 
sl ight e c c e n t r i c i t y b e t w e e n the dip r i n g and the t r o u g h . P e r i o d i c d r o s s 
r e m o v a l is e s s e n t i a l for t r o u b l e - f r e e o p e r a t i o n . 
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To provide access for dross removal, a 7/8-in.-diam hole was 
drilled through the large plug to the outer annulus of the seal trough. A 
similar hole, with a 3/4-in. diameter , was drilled for access to the outer 
annulus of the small rotating plug. Because of the small size of these 
holes (imposed by dimensional limitations), dross removal is difficult and 
time -consuming. 

Several methods are possible for preventing oxidation of the seal 
alloy. One method is the use of an inert substance, such as silicone oil, as 
a blanketing medium. Dow Corning 710 fluid (a silicone oil) has been ex
tensively tested with excellent results.^ These tes ts were conducted in a 
mockup facility in which the actual operating conditions of the rotating plugs 
were simulated. 

The use of a different seal alloy to eliminate problems associated 
with dross formation has also been considered. However, the present 
alloy cannot be removed completely and replaced with another alloy, be
cause an effective seal must be maintained continuously. The most desirable 
candidate alloy would be one formed by the addition of a third constituent to 
the present alloy; a promising alloy for this purpose is bismuth-tin eutectic 
containing small amounts (1-2 wt %) of indium. The presence of indium in 
the alloy inhibits alloy oxidation. However, larger additions of indium (up to 
25 wt %) substantially reduce the melting point of the alloy system,* whereas 
additions of indium exceeding 25 wt % cause the melting point to increase. 

The seal alloy is affected by sodium contamination as well as by the 
oxidation reaction. Sodium vapor or aerosol t ransfers from the pr imary 
tank to the inner annulus of each seal, as indicated by the presence of 
sodium in the alloy and dross . This transfer process depends on the tem
perature differential between the pr imary tank and the seals , but the com
position or physical state of the seal alloy has no effect on the rate of 
sodium transfer. The average temperature at the surface of the sodium in 
the pr imary tank is 37I°C ( 7 0 0 ° F ) , but the temperature at the surface of the 
seal alloy in each seal trough ranges from I20°C ( 2 5 0 ° F ) to 177°C (350°F). 
Table I summarizes the results of periodic analyses for sodium in the 
dross and in the seal alloy from the seal of the large rotating plug. A 
material balance covering about two years of reactor operation was deter
mined in part from these analyses. The mater ia l balance shows that the 
rate of sodium transfer is equivalent to a sodium buildup of 3000 ± 
400 ppm/yr in the seal alloy of the large trough and 1100 ±200 ppm/yr in 
the seal alloy of the small trough,^ 

Sodium, dissolved in the eutectic, is first oxidized to sodium oxide; 
in a short time the oxide is converted to the carbonate by reaction with 
trace amounts of carbon dioxide in the purge gas and in the atmosphere. 
Sodium carbonate is undesirable because it tends to form clinker-like ag
glomerates when it combines with the other constituents of the dross . Trace 
quantities of sodium stannate and sodium bismuthate also were detected in 
the dross. 
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TABLE I. Analyses of Seal Alloy and Dross from Seal of Large Rotating Plug 

Concentrat ion, wt % 

Date Sample Descr ipt ion Bi Sn Na 

7 /13 /65 Seal alloy 59.9 43 0.166 
Dross 50.0 47 2.15 

7 /14 /65 Seal alloy 58.8 44 0.166 
Dross 57.5 40 0.150 

7 /15 /65 Seal alloy 59.3 45 1.510 
7 /16 /65 Dross 42.2 - 7.5 
7 /20/66 Dross 42.8 - 5.5 
10/6/66 Seal alloy (near surface) 59.3 - 0.15 

Seal alloy (near bottom) 59.0 - 0.175 
Seal alloy (avg of four samples) - - 0.176 

12/6/66 Seal alloy (avg of two samples) - - 0.245 
6 /2 /67 Seal alloy (avg of six samples) - " 0.225 
12/22/67 Seal alloy (avg of two samples) - - 0.084 
2 / 9 / 6 8 Dross - - 6.80 
3 /25 /69 Dross 51.6 39.3 1.75 

With the p r e s e n t method of ope ra t i on , the sod ium diffuses f rom the 
i n n e r annu lus to the ou te r annulus of e a c h s e a l t r ough , w h e r e it is r e a d i l y 
ox id ized . The r e s i d u a l sod ium c o n c e n t r a t i o n in the s e a l a l loy r e i n a i n s 
n e a r l y c o n s t a n t a t about 0.25 wt %. If a b lanke t ing m e d i u m , such a s s i l i cone 
o i l , w e r e app l i ed to the s u r f a c e of the s e a l a l loy , the c o n c e n t r a t i o n of sod ium 
would be e x p e c t e d to i n c r e a s e . In g e n e r a l , the i n t e r m e t a l l i c compounds of 
s o d i u m and b i s m u t h , o r sod ium and t in, have me l t i ng po in t s above the 
m a x i m u m o p e r a t i n g t e m p e r a t u r e of the E B R - I I fusible s e a l s . As the con 
c e n t r a t i o n of s o d i u m in the s e a l a l loy i n c r e a s e s , some of t he se compounds 
m a y p r e c i p a t a t e . 

n . REVIEW OF THE L I T E R A T U R E 

V e r y l i t t l e d i r e c t i n fo rma t ion conce rn ing the b i s m u t h - t i n - s o d i u m 
a l loy s y s t e m or the b i s m u t h - i n d i u m - t i n - s o d i u m al loy s y s t e m is ava i l ab le 
in the l i t e r a t u r e . E a c h of the a s s o c i a t e d b i n a r y s y s t e m s , howeve r , has been 
studied in s o m e d e t a i l . T h i s sec t ion s u m m a r i z e s what has been r e p o r t e d 
on t h e s e a l l oy s y s t e m s , inc luding a d i s c u s s i o n of s e g r e g a t i o n in a e u t e c t i c 
alloy. 

A. B i s m u t h - T i n Alloy S y s t e m 

F i g u r e 2 is the t e m p e r a t u r e - c o m p o s i t i o n d i a g r a m for the b i s m u t h -
t in a l l oy s y s t e m . In the liquid p h a s e , the two cons t i t uen t s a r e c o m p l e t e l y 
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m i s c i b l e . No i n t e r m e t a l l i c compounds 
a r e known to ex i s t in th i s s y s t e m . 
The l a t e s t w o r k on th i s a l loy s y s t e m 
r e p o r t s that the eu t ec t i c e x i s t s a t 
138. 5°C and 46 a t . % b i s m u t h , b a s e d on 
an a c c u r a c y of ±0.05% for the d e t e r 
m i n a t i o n s . In th i s s a m e work , the 
so lub i l i ty of b i s m u t h in t in is r e p o r t e d 
to be 11.9 a t . % a t 136''C, which is near 
the m a x i m u m so lub i l i ty . The solubi l i ty 
of t in in b i s m u t h is r e p o r t e d to be 
3.6 at . % at 165°C. T h e s e v a l u e s differ 
s l igh t ly f rom those ind ica ted in F ig . 2 

b e c a u s e the n o m i n a l compos i t i on of c o m m e r c i a l a l loy a c t u a l l y used in the 
E B R - n fusible s e a l s is 43.97 at . % b i s m u t h and 56.03 a t . % t in , which is 
s l ight ly di f ferent f rom the t r u e eu t ec t i c c o m p o s i t i o n r e p o r t e d in the l i t e r a t u r e . 

BISMUTH CONTENT, at % 

Fig. 2. Bismuth-Tin Equilibrium Diagram 

The b i s m u t h - t i n eu tec t i c a l loy was s e l e c t e d a s a fusible s e a l for 
EBR- I I b e c a u s e it expands on f r eez ing and m e l t s a t a r e a s o n a b l e t e m p e r a 
ture.^ A t e s t conducted by the R e a c t o r E n g i n e e r i n g Div i s ion of Argonne 
Nat iona l L a b o r a t o r y showed tha t the s e a l is not c o m p l e t e l y effect ive un l e s s 
the a l loy is at l ea s t p a r t i a l l y mo l t en . The m o s t p r o b a b l e r e a s o n for th is 
behav io r is that Type 304 s t a i n l e s s s t e e l is not we t ted by the a l loy at n o r m a l 
ope ra t ing t e m p e r a t u r e (~350°F) of the s e a l s . (See Sec t ion 1, Appendix A.) 

One u n d e s i r a b l e p r o p e r t y of the b i s m u t h - t i n eu t ec t i c a l l oy in r e l a 
tion to i ts use a s a fusible s e a l m a t e r i a l for E B R - I I is i t s i ncompa t ib i l i t y 
with 3 0 0 - s e r i e s s t a i n l e s s s t e e l s a t e l eva ted t e m p e r a t u r e s . K a s s n e r found 
that the a l loy p r e f e r e n t i a l l y d i s s o l v e s n i c k e l f rom the s t a i n l e s s s tee l .^ In 
the ope ra t ing t e m p e r a t u r e r a n g e for the E B R - I I s e a l s , h o w e v e r , no a t t a c k 
on Type 304 s t a i n l e s s s t e e l h a s been o b s e r v e d . 

A l imi ted amoun t of i n fo rma t ion was found in the l i t e r a t u r e c o n c e r n 
ing the oxidat ion or d r o s s - f o r m i n g c h a r a c t e r i s t i c s of the b i s m u t h - t i n eutec t ic 
al loy. B l u m e n t h a l et a l . r e p o r t e d the r e s u l t s of a s e r i e s of t e s t s wi th an 
a p p a r a t u s des igned to s i m u l a t e the E B R - I I s e a l t r o u g h s . ^ D r o s s p roduced 
in th is a p p a r a t u s du r ing 70 days of o p e r a t i o n wi th c o m m e r c i a l - g r a d e 
b i s m u t h - t i n eu tec t i c a l loy was e x a m i n e d m i c r o s c o p i c a l l y . P a r t i c l e s of the 
d r o s s a p p e a r e d to be e s s e n t i a l l y a l l m e t a l l i c . Without magn i f i ca t ion , the 
d r o s s looked like a b l a c k powder . Th i s type of d r o s s f o r m a t i o n has been 
obse rved in s e v e r a l o the r a l loy s y s t e m s . A s i m i l a r e x a m i n a t i o n of d r o s s 
taken f rom the E B R - I I s e a l t r o u g h s y ie lded i nden t i ca l r e s u l t s . F i g u r e 3 
shows pho tog raphs of the d r o s s t aken wi th no magn i f i ca t i on and a t 375X. 

F r o m e x p e r i e n c e in the o p e r a t i o n of the E B R - I I ro t a t ing s e a l p lugs , 
it can be concluded that the oxidat ion r e a c t i o n is diffusion c o n t r o l l e d . E s 
sen t ia l ly no d r o s s was fo rmed when the s e a l s w e r e in a m o l t e n , but s t a t i c , 
condition. M o r e o v e r , no s igni f icant d i f f e rence in the r a t e of d r o s s fo rma t ion 
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was detected with or without a nitrogen purge.^ It is presumed that a p r o 
tective layer of tin monoxide is formed at the surface of the alloy and that 
this protective layer is disrupted during the rotation of the seal plugs. Some 
pre l iminary tests of dross-formation rate are discussed in Appendix A. 

375X 

Fig. 3. Bismuth-Tin Eutectic Alloy Dross 

B. Bismuth-Sodium Alloy System 

comp 

Sodium alloys readily with bismuth to form the two intermetallic 
ounds, NaBi and NajBi, which have melting points of 446 and 775°C, 

respectively. Figure 4 shows the 
temperatuore-composition diagram of 
this system. A freezing-point dep re s -
sion of 8.3°C at 3.86 at. % sodium has 
been reported.^ Similarly, a reduction 
of 2°C has been observed in the eu
tectic a r r e s t temperature when 
0.5 wt % sodium was added to the 
bismuth-tin eutectic alloy. 

C. Sodium-Tin Alloy System 

Sodium alloys with tin to form 
a ser ies of intermetallic compounds. 
Table II gives some physical prop
ert ies of a few of these compounds. 
The temperature-composit ion diagram 

for the sodium-tin alloy system is given in Fig. 5, which shows the existence 
of nine compounds: Na4Sn, NajSn, NazSn, Na4Sn3, NaSn, NaSn^, NaSn3, NaSn^, 

nd NaSnj. The last four of these, in part icular , a re regarded as undergoing 

BISMUTH CONTENT. Ot. % 

Fig. 4. Bismuth-Sodium Equilibrium Diagram 
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p o l y m o r p h i c t r a n s f o r m a t i o n s . The o t h e r s a r e not i m p o r t a n t in th i s 
c a s e and have not been i nves t i ga t ed thorough ly . 

T A B L E II. P h y s i c a l P r o p e r t i e s of Some T i n - S o d i u m Al loys 

Alloy 
Compos i t ion Color 

Specif ic 
G r a v i t y 

4.725 
3.990 
3.570 
3.111 
2.315 

Mel t ing 
Po in t , 

°C 

405 
477 
478 
483 
305 

Hea t of 
F o r m a t i o n 

kca l 

15 
11 
36 
12 
21 

NaSnj 
NaSn 
NaSn3 
NazSn 
Na4Sn 

G r a y 
Gray 
G r a y 

Blue - B r o n z e 
S i l ve ry 

600 

500 

ZOO 

o 

z 

1 

y\ 

1 

1 

• 

z 

1 

= 1 1 

: 

S TRANSFX 

1 

: i i 
z z 

1 

-

1 -
^ . 

-

D. Indium Al loys 

Addi t ion of s m a l l quan t i t i e s of 
ind ium to v a r i o u s a l l oys i n c r e a s e s 
c o r r o s i o n r e s i s t a n c e . ' " Indium has 
been used s u c c e s s f u l l y in a n u m b e r of 
b e a r i n g a l l oys to i n c r e a s e both w e a r 
and c o r r o s i o n r e s i s t a n c e . F o r th is 
r e a s o n , the addi t ion of ind ium to the 
b i s m u t h - t i n eu t ec t i c a l loy would be 
expec ted to r e d u c e the r a t e of d r o s s 
f o rma t ion . D a r n e l l r e c o m m e n d e d the 
addi t ion of 1 wt % ind ium for th i s 
p u r p o s e . A subsequen t , p r e l i m i n a r y 

study has shown that the r a t e of d r o s s f o rma t ion is s u b s t a n t i a l l y r educed by 
the addi t ion of 1 wt % ind ium to the b i s m u t h - t i n eu t ec t i c a l loy . The r e s u l t s 
of th is s tudy a r e d i s c u s s e d in Appendix A. 

Sodium a l loys r e a d i l y with ind ium to f o r m a s e r i e s of i n t e r m e t a l l i c 
compounds . The i n t e r m e t a l l i c compounds In3Na, In2Na, and InNa a l l have 
mel t ing points that a r e subs t an t i a l l y h ighe r than the o p e r a t i n g t e m p e r a t u r e 
of the EBR- I I fusible s e a l s . ' ' 

TIN CONTENT, Ot. % 

Fig. 5. Sodium-Tin Equilibrium Diagram^ 

E. Segrega t ion 

One sugges ted explana t ion for the o p e r a t i o n a l p r o b l e m s of the 
EBR-I I ro ta t ing shield p lugs was that eu tec t i c s e g r e g a t i o n was o c c u r r i n g in 
the s e a l a l loy. At the t i m e th is suppos i t ion was advanced , t h e r e was e s 
sen t ia l ly no a c c e s s to the s e a l t r o u g h s . T h e r e f o r e the va l id i ty of the s u p 
posi t ion could not be checked i m m e d i a t e l y by examin ing s a m p l e s of s e a l 
a l loy taken f rom the t r o u g h s . E u t e c t i c s e g r e g a t i o n has been o b s e r v e d in 
the u r a n i u m - a l u m i n u m , s i l i c o n - a l u m i n u m , n i c k e l - a l u m i n u m , and t i n - z i n c 
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alloy systems. '^ In a brief study, Blumenthal et al_.̂  produced segregation 
in commerc ia l bismuth-tin eutectic alloy by a thermal cycling technique. 
More recently, Mahagin'^ completed an extensive study of segregation in 
bismuth-t in eutectic alloy. Repeated thermal cycling through the eutectic 
tempera ture can cause segregation in this alloy system. The bismuth-r ich 
beta crys ta ls concentrate at the bottom of a vessel containing the alloy, and 
the a lpha-r ich dendrites concentrate at the top. 

The difference between the density of the alpha phase and the beta 
phase is sufficient to cause segregation. Since the concentrations in the 
commercia l bismuth-t in eutectic alloy are slightly different from the true 
eutectic concentration, the probability of segregation increases . Since the 
tempera ture cycles through the eutectic temperature during normal oper
ation of the rotating seal plugs, the suggestion that segregation was respon
sible for the operational problems was not surprising. 

Fur ther consideration of the normal operating procedure for the 
rotating plugs leads to the conclusion, however, that segregation is not likely 
to occur. While the reactor is operating, the upper half of the seal alloy is 
solid and the lower half is molten. Mixing due to convection is expected to 
occur in the molten half of the alloy. Ear l ier operating procedures for the 
rotating seal plugs included prolonged "soaking" of the seal alloy at higher 
tempera tures before rotation, presumably to correct the effects of seg re 
gation. Both mixing and diffusion will oppose the segregation process . In 
preparat ion for the operation of rotating seal plugs, i .e. , for fuel handling, 
the tempera ture of the seal alloy is increased to approximately 177°C (350°F). 
Normally, fuel handling begins as soon as the seal alloy is molten. Since 
fuel handling requires the rotation of the seal plugs, some mixing of the seal 
alloy resu l t s . This is probably the most importaKit reason why segregation 
has not been detected in the seal alloy. In the segregation experiments 
cited,'"'^ care was taken to avoid any mixing, because even a slight amount 
of mixing completely prevents temperature cycling, which causes segregation. 

The resul ts of analyses of seal-alloy samples taken after gaining 
access to the seal troughs are given in Table I. Deviations in the concen
trat ions of the constituents a re easily explained by considering analytical 
precision and the preferent ial oxidation of tin. Analytical procedures are 
discussed in Appendix B. 

III. EXPERIMENTAL PROCEDURE 

The experimental procedure for this study consisted of determining 
the cooling curves for two ser ies of alloys. The alloys of one ser ies con
tained bismuth and tin in the eutectic ratio and concentrations of sodium 
from 0.26 to 7.03 wt %. The alloys of the other ser ies contained bismuth 
and tin in the eutectic ratio as well as approximately 1 wt % indium and 
sodium concentrations ranging from 0.19 to 7.25 wt %. 
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B e c a u s e of the high r e a c t i v i t y of s o d i u m , the e x p e r i m e n t was c o n 
ducted in a glovebox conta in ing an a r g o n a t m o s p h e r e . The c o n c e n t r a t i o n s 
of oxygen and w a t e r vapo r in the a r g o n a t m o s p h e r e w e r e held to l e s s than 
10 ppm and l e s s than 6 p p m , r e s p e c t i v e l y . The c o n c e n t r a t i o n s of t h e s e and 
o the r i m p u r i t i e s w e r e con t ro l l ed by us ing a m o l e c u l a r s ieve and an a u t o 
m a t i c p u r g e s y s t e m , with the r e s u l t tha t no s ign i f ican t oxida t ion of the 
s a m p l e s was o b s e r v e d dur ing the e x p e r i m e n t . 

Most of the a p p a r a t u s for conduct ing the e x p e r i m e n t was conta ined 
in the glovebox. A c c e s s to the glovebox was p r o v i d e d by a gas t igh t lock. 

The a p p a r a t u s c o n s i s t e d of a s t a n 
da rd ho tp l a t e , an i n su l a t ed 5 0 0 - m l 
s t a i n l e s s s t e e l b e a k e r and c o v e r , a 
m o t o r - d r i v e n s t i r r e r , and a s t a i n l e s s -
s t e e l - c l a d C h r o m e l - A l u m e l t h e r m o 
couple with a t e m p e r a t u r e r e c o r d e r . 
F i g u r e 6 is a s c h e m a t i c d i a g r a m of 
the a p p a r a t u s . 

The t h e r m o c o u p l e was c a l i 
b r a t e d at s e v e r a l d i f ferent t e m p e r a 
t u r e s by us ing a p r e c i s i o n m e r c u r y 
t h e r m o m e t e r and was r e c a l i b r a t e d 
by the s a m e p r o c e d u r e a f te r each 
c o o l i n g - c u r v e d e t e r m i n a t i o n . The 

p r e c i s i o n of the t e m p e r a t u r e r e c o r d e r was e s t i m a t e d to be ±3°C f rom in 
fo rmat ion prov ided by the supp l i e r . The m e l t i n g point of b i s m u t h - t i n eu
t e c t i c , a s ce r t i f i ed by the s u p p l i e r , was 139°C (292°F); the me l t i ng point of 
the a l loy , a s d e t e r m i n e d with the e x p e r i m e n t a l a p p a r a t u s , was cons i s t en t l y 
within 2°C of that t e m p e r a t u r e . 

Fig. 6. Experimental Apparatus Used to 
Determine Alloy Cooling Curves 

The b i s m u t h - t i n e u t e c t i c , A s a r c o l o 281 , was suppl ied by the 
A m e r i c a n Smel t ing and Refining Company. Tab le III shows a ce r t i f i ed com
pos i t ion of the eu tec t i c a l loy. Table IV shows the i m p u r i t y content of 
r e a g e n t - g r a d e sod ium used to p r e p a r e the a l l oys in each s e r i e s . 

TABLE m . Chemical Composition 
of Bismuth-Tin Eutectic Alloy 

Used in Experiments 
TABLE IV. Amounts of Impurities in 

Sodium Used in Experiments 

Element 

Bi 

Sn 
F e 
Cu 
P b 
N i 

Concentration, wt % 

0 

58.02 
41.98 

0.005 
0.005 
0.016 

002-0.02 

Constituent 

Chloride (CI) 
Nitrogen (N) 
Phosphate (PO4) 
Sulfate (SP4) 
Heavy metals (as 
Iron (Fe) 

Pb) 

Concentration, wt % 

0.0015 
0.003 (max) 
0.0005 
0.002 (max) 
0.0005 
0.001 
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The bismuth-tin eutectic alloy was weighed to an accuracy of O.OI g on a 
tors ion-wire balance. Since the quantity of sodiumused toprepare the samples 
was relatively small , the sodium was weighed on a four-place analytical ba l 
ance. Large samples of alloy (approximately 900 g) were used to reduce the 
e r r o r that could result from oxidation. Since sodium is preferentially oxi
dized, this e r r o r could be significant. 

Several t r ia l determinations were make to check the apparatus. As a 
re suit of these t r ia ls , additional insulation was applied to the stainless steel 
beaker to decrease the cooling rate to approximately 3°C/min. This rate 
was determined to be satisfactory by comparing the cooling curves obtained 
from the t r ia l determinations against those described in the l i terature. ' 
Typical cooling curves experimentally obtained for a 41.88 wt % tin-
57.87 wt % bismuth-0.26 wt % sodium alloy and the 41.70 wt % tin-57.6l wt % 
bismuth-0.68 wt % sodium alloy are shown in Figs. 7 and 8, respectively. 
Figure 8 also shows the corresponding heating curve. The close agreement 
between the a r r e s t temperatures observed during cooling and heating is an 
indication of a reasonable approach to equilibrium conditions. The initial 
temperature for each determination was approximately 430°C. From an 
examination of the phase diagrams for the bismuth-sodium and the tin-
sodium alloy systems, it was expected that all the thermal a r r e s t s for the 
alloys to be studied would occur below 430°C. 

500 
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- \ \ ^ 
\ x ^ ^ 

1 1 1 

1 1 1 _ 

-
-
-

1 1 1 

500 

400 

300 

?no 

100 

_ 

-

1 1 1 1 1 

\ COOLING CURVE 

• ^ x i l 
/HEATING CURVE 
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1 1 

-

^^^-^ 
— 

1 1 

F i g . ' Typical Cooling Curve for 41.88 wt 1o 
Tin-57.87 wt % Bismuth-0.26 wt % 
Sodium Alloy 

Fig. 8. Typical Cooling and Heating Curves for 
41.70 wt % Tin-57.61 wt % Bismuth-
0.68 wt 1c Sodium Alloy 

Some a d d i t i o n a l t e s t s w e r e conducted which w e r e c o n c e r n e d wi th 
r a t e s of s o d i u m r e m o v a l f rom the b i s m u t h - t i n eu t ec t i c a l loy , r a t e s of c o r 
r o s i o n , and r a t e s of d r o s s f o rma t ion . T h e s e t e s t s and t he i r r e s u l t s a r e 
d i s c u s s e d in Appendix A. 

IV. E X P E R I M E N T A L RESULTS 

The da ta p r e s e n t e d in th i s s ec t ion w e r e obtained so le ly f rom t h e r m a l 
a n a l y s e s of the a l l o y s . B e c a u s e of the r e a c t i v i t y of sod ium, m e t a l l o g r a p h i c 
e x a m i n a t i o n of the a l l oys was not c o n s i d e r e d . The f i r s t s e r i e s of a l l oys to 
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Fig- Concentration Triangle for Bismuth-
Sodium-Tin System 

b e d i s c u s s e d h e r e c o n t a i n s b i s m u t h 

a n d t i n i n a p p r o x i m a t e l y t h e e u t e c t i c 

r a t i o a n d w i t h v a r y i n g c o n c e n t r a t i o n s 

of s o d i u m . 

F i g u r e 9 i s a c o n c e n t r a t i o n 

t r i a n g l e f o r t h e b i s m u t h - s o d i u m - t i n 

a l l o y s y s t e m w i t h t h e a p p r o p r i a t e 

b i n a r y e q u i l i b r i u m d i a g r a m s s u p e r 

i m p o s e d o n e a c h s i d e . T h e c o m p o 

s i t i o n s of t h e a l l o y s s e l e c t e d f o r 

t h e r m a l a n a l y s i s a r e i n d i c a t e d b y 

o p e n d o t s a l o n g t h e d a s h e d l i n e w i t h 

in t h e c o n c e n t r a t i o n t r i a n g l e . D a t a 

f r o m t h e t h e r m a l a n a l y s i s of e a c h 

a l l o y a r e p r e s e n t e d i n T a b l e V . T h e s e d a t a w e r e u s e d t o c o n s t r u c t t h e 

i s o p l e t h r e p r e s e n t e d in F i g . 10. T h e d a s h e d l i n e of F i g . 9 i s a t o p v i e w of 

t h i s i s o p l e t h . T h e m e t h o d s d i s c u s s e d i n Re f . 16 w e r e u s e d t o c o n s t r u c t t h e 

i s o p l e t h s a n d i s o t h e r m s f o r t h e t e r n a r y a l l o y s y s t e m s . 

T h e u p p e r m o s t c u r v e of F i g . 10 r e p r e s e n t s t h e s o l u b i l i t y l i m i t of 
s o d i u m in t h e b i s m u t h - t i n e u t e c t i c a l l o y . T h e s o l u b i l i t y of s o d i u m in t h e 

T A B L E V . D a t a f r o m T h e r m a l A n a l y s i s of B i s m u t h - T i n E u t e c t i c 
C o n t a i n i n g I n c r e m e n t a l A d d i t i o n s of S o d i u m 

C o m p 

Sn 

5 6 . 0 3 

5 5 . 0 5 

5 3 . 5 1 

5 2 . 7 4 

5 2 . 1 2 

5 1 . 6 3 

4 9 . 1 1 

4 6 . 6 3 

4 2 . 2 3 

3 8 . 8 8 

3 6 . 8 4 

D s i t i o n o 

a t . % 

B i 

4 3 . 9 7 

4 3 . 1 9 

4 1 . 9 8 

4 1 . 3 1 

4 0 . 8 8 

4 0 . 5 3 

3 8 . 5 6 

3 6 . 6 0 

3 3 . 1 4 

3 0 . 5 1 

2 8 . 9 2 

f A l l o y , 

N a 

-

1.76 

4 . 5 1 

5 .97 

7 .00 

7 . 8 4 

1 2 . 3 3 

1 6 . 7 7 

2 4 . 6 3 

3 0 . 6 1 

3 4 . 2 4 

T e m p e r 

A r r e s t 

1 

-
167 

2 3 0 

2 54 

2 5 6 

2 6 0 

2 9 4 

3 1 9 

3 4 4 

3 4 9 

3 4 3 

a t u r e of 

A r r e s t 

2 

-

-

-

-

-

-

-

-

-

380 

3 8 6 

T h e r m a l A r r e s t , °C 

3 

150 

150 

150 

150 

151 

151 

161 

171 

197 

2 3 0 

2 3 0 

4 

139 

137 

137 

137 

137 

138 

138 

138 

138 

138 

138 
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SODIUM CONTENT, Ot % 

Fig. 10. Isopleth of 56 at. lo Tin-44 at. ' 
Bismuth-Sodium System 

a l loy r a n g e s f rom e s s e n t i a l l y z e r o at 
139°C (282°F) to a p p r o x i m a t e l y 0.35 wt % 
at 177°C (350°F). Th i s t e m p e r a t u r e r a n g e 
is of p a r t i c u l a r i n t e r e s t b e c a u s e in the fully 
m o l t e n condi t ion r e q u i r e d for the r o t a t i o n of 
the E B R - I I s e a l p l u g s , the s e a l a l loy is 
m a i n t a i n e d a t 177°C (350°F). F o r the r e a s o n 
d e s c r i b e d on page 8, the s e a l a l l oy is 
m a i n t a i n e d in a p a r t i a l l y m o l t e n condi t ion 
when the r e a c t o r i s o p e r a t i n g . In th i s c o n d i 
t ion , the t e m p e r a t u r e of the s e a l a l loy 
r a n g e s f rom a p p r o x i m a t e l y 1 54°C (310°F) 
at the b o t t o m of the t r o u g h to 99°C (210°F) 
a t s u r f a c e of the a l loy . Within th is t e m p e r 
a t u r e r a n g e , e s s e n t i a l l y a l l the sod ium 
d i s s o l v e d in the s e a l a l loy wi l l p r e c i p i t a t e 
a s sod ium b i s m u t h i d e (NaBi) . On the b a s i s 
of o b s e r v a t i o n s m a d e du r ing t h e r m a l a n a l 
y s i s of the a l l o y s , the sod ium b i s m u t h i d e 
should r e d i s s o l v e when the s e a l - a l l o y t e m 

p e r a t u r e i s i n c r e a s e d . B e c a u s e of t h e r m a l cycl ing of the s e a l a l loy , p e r 
m a n e n t s e p a r a t i o n of the a l loy c o n s t i t u e n t s should not o c c u r . 

The i s o p l e t h in F i g . 10 can be d e s c r i b e d by ana lyz ing the b e h a v i o r 
of s e v e r a l a l l o y s a s they a r e cooled f rom the liquid s t a t e . F o r the f i r s t 
i l l u s t r a t i o n , a s s u m e tha t an a l loy wi th a c o n c e n t r a t i o n of 10 at . % sod ium 
is be ing cooled f rom 300°C at which the a l loy is a l l l iquid. At 280°C, sod ium 
b i s m u t h i d e b e g i n s to p r e c i p a t a t e f rom the l iquid, t h e r e b y in i t i a t ing a change 
in the s lope of the cool ing c u r v e . At 155°C, the a l loy b e c o m e s b i s m u t h -
s a t u r a t e d , and a second t h e r m a l a r r e s t is o b s e r v e d in the cool ing c u r v e . 
At 136°C, the r e m a i n i n g liquid so l id i f i e s ; the p roduc t is NaBi + Bi + Sn. 
A r e l a t i v e l y long i s o t h e r m a l a r r e s t is o b s e r v e d a t th is t e m p e r a t u r e . 

F o r the next i l l u s t r a t i o n , a s s u m e that an a l loy with a c o n c e n t r a t i o n 
of 25 a t . % s o d i u m i s be ing cooled f rom 300°C. The behav io r of th is a l loy on 
coo l ing is s i m i l a r to the b e h a v i o r of the one jus t d e s c r i b e d : the liquid 
b e c o m e s s a t u r a t e d wi th r e s p e c t to sod ium b i s m u t h i d e at 395°C, to b i s m u t h 
a t 198°C, and to t in a t 136''C. The two h i g h e r - t e m p e r a t u r e t h e r m a l a r r e s t s , 
h o w e v e r , a r e m o r e p r o n o u n c e d and the i s o t h e r m a l a r r e s t is m u c h l e s s p r o 
nounced than the c o r r e s p o n d i n g a r r e s t s o b s e r v e d in the a l loy conta in ing 
10 a t . % s o d i u m . T h i s is to be expec t ed , b e c a u s e at h ighe r sod ium c o n c e n 
t r a t i o n s , m o r e s o d i u m b i s m u t h i d e is p r e c i p i t a t e d f rom the l iquid, and 
c o n s e q u e n t l y l e s s l iquid r e m a i n s a t the t e m p e r a t u r e of the i s o t h e r m a l 
a r r e s t . 

S ince no t h e r m a l a r r e s t s o c c u r within the l a r g e a r e a labe led 
LIQUID + NaBi in F i g . 10, no i n t e r m e t a l l i c compounds of sod ium and tin 
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a r e a s s u m e d to be p r e c i p i t a t e d in th i s a r e a . T h i s a s s u m p t i o n is suppo r t ed 
by the fact that the eu tec t i c t e m p e r a t u r e for NaSn^-Sn is l ower than the 
eu tec t i c t e m p e r a t u r e for N a B i - B i ( s ee F i g s . 4 and 5). The a s s u m p t i o n 
should be qual if ied, h o w e v e r , b e c a u s e NaSn2, NaSn4, and NaSn^, a r e f o r m e d 
by p e r i t e c t i c r eac t i on , and t h e r m a l a r r e s t s r e s u l t i n g f r o m t h e i r f o r m a t i o n 
wi l l be qui te sub t le . The s l ight inf lec t ion in the l iqu idus c u r v e m a y be an 
indicat ion of a s o d i u m - t i n r e a c t i o n . Other a n a l y t i c a l m e t h o d s would be 
r e q u i r e d to c h a r a c t e r i z e the i sop l e th a c c u r a t e l y . 

F o r a t h i r d i l l u s t r a t i o n , a s s u m e that an a l loy with a c o n c e n t r a t i o n of 
30 at . % sod ium is being cooled f r o m 400°C. The cool ing c u r v e for t h i s alloy 
exhibi ts four t h e r m a l a r r e s t s . At 380°C, the l iquid b e c o m e s s a t u r a t e d with 
sod ium b i s m u t h i d e (NasBi) and the f i r s t t h e r m a l a r r e s t is o b s e r v e d . At 
345°C, the l iquid b e c o m e s s a t u r a t e d wi th s o d i u m s t ann ide (NaSn). T h e r e a r e 
only two i n t e r m e t a l l i c compounds of s o d i u m and b i s m u t h : NaBi and NasBi. 
F i g u r e 4 ind ica te s that NasBi cannot ex i s t in t h i s p a r t of the i s o p l e t h . On 
th i s b a s i s , the cons t i tuen t r e s p o n s i b l e for the t h e r m a l a r r e s t m u s t be a t in 
compound. At 230°C, an i s o t h e r m a l a r r e s t o c c u r s tha t is a s s u m e d to be the 
r e s u l t of the t r a n s f o r m a t i o n of s o d i u m s tann ide (NaSn) to t in . T h i s r eac t i on 
m a y be a C l a s s II p h a s e r e a c t i o n ( see Ref. 14, p . 179)- The s a m e qual i f i 
cat ion m u s t be appl ied to th i s a s s u m p t i o n as in the p r e c e d i n g p a r a g r a p h . 
The l a s t r e m a i n i n g liquid so l id i f ies at 136°C. The t h e r m a l a r r e s t occur ing 
at th i s t e m p e r a t u r e is qui te sho r t , ind ica t ing tha t v e r y l i t t l e l iquid r e m a i n s 
at th i s t e m p e r a t u r e . 

Since the bounda ry be tween the l a r g e l iquid + NaBi p h a s e and the 
l iquid + NaBi + NaSn p h a s e could not be l oca t ed p r e c i s e l y wi th the da ta 
ava i l ab le , th i s bounda ry is ind ica ted by a d a s h e d l ine in F i g . 10. The bound
a r y , howeve r , m u s t be loca ted s o m e w h e r e be tween the da ta po in t s i m m e d i 
a te ly to the left and r igh t of the d a s h e d l ine and in the two sol id l i nes between 
which the dashed l ine f a l l s . The s a m e r e a s o n i n g a p p l i e s to the bounda ry 
be tween the l iquid + NaBi + Bi p h a s e and the l iquid + Sn + NaBi p h a s e . 

The loca t ion of the t e r n a r y e u t e c t i c for the b i s m u t h - s o d i u m - t i n al loy 
s y s t e m can be e s t i m a t e d f r o m the a v a i l a b l e da ta . The b i n a r y eu t ec t i c for 
the s o d i u m - t i n al loy s y s t e m o c c u r s at a s o d i u m c o n c e n t r a t i o n of 5 at . % 
(1 wt %), and the b i n a r y eu t ec t i c for the b i s m u t h - s o d i u m a l loy s y s t e m occur s 
at a sod ium c o n c e n t r a t i o n of 21.8 at . % (97 wt %). F r o m t h e s e da ta it is 
e s t i m a t e d that the t e r n a r y e u t e c t i c o c c u r s at a low s o d i u m c o n c e n t r a t i o n . 
The d e p r e s s i o n of the lower c u r v e in F i g . 10 i n d i c a t e s tha t the t e r n a r y 
eu tec t ic wil l m o s t p r o b a b l y be l oca t ed be tween 2 and 5 a t . % sod ium. 

F i g u r e 11 shows the l iquidus c u r v e s for the t e r n a r y a l loy s y s t e m at 
v a r i o u s t e m p e r a t u r e s . The s m a l l a r e a wi th in which the t e r n a r y e u t e c t i c 
m u s t l ie is ind ica ted by the oval d a s h e d - l i n e e n c l o s u r e on the d i a g r a m . The 
eu tec t i c wil l m o s t p r o b a b l y occu r on the t in s ide of the i sop l e th b e c a u s e of 
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t he t i e - l m e c o n s t r u c t i o n ind ica ted on the d i a g r a m , but add i t iona l da ta po in t s 
would be r e q u i r e d for v e r i f i c a t i o n of t h i s a s s u m p t i o n . 

100 at % NO 

(425 "Cl NOSflj 

(350 °C1 

1307"C) N0S114 

[2e9°C) NaSrig 

(220°C1 EUTECTIC 

(23Z'C) lOOdt. %Sn 

EUTECTIC (218"^) 

Fig. 11. Liquidus Curves at Various Temperatures 
for Bismuth-Tin-Sodium Alloy System 

T a b l e VI l i s t s da ta f r o m the t h e r m a l a n a l y s i s of the s e r i e s of a l loys 
con ta in ing b i s m u t h and t in in the eu tec t i c r a t i o and a p p r o x i m a t e l y 1 wt % 
ind ium and v a r y i n g c o n c e n t r a t i o n s of sod ium. The da ta f rom Tab le VI w e r e 

TABLE VI. Data from Thermal Analysis of Bismuth-Tin Eutectic 
with Approximately 1 wt % Indium and 

Incremental Additions of Sodium 

Comp' 

Sn 

55.26 

54.52 

53.16 

52.40 

51.82 

50.38 

47.90 

45.50 

41.90 

38.72 

35.58 

osition 

Bi 

43.38 

42.80 

41.74 

41.13 

40.67 

39.58 

37.60 

35.72 

32.90 

30.39 

27.92 

of Alloy. 

In 

1.36 

1.34 

1.31 

1.30 

1.28 

1.24 

1.19 

1.13 

1.04 

0.95 

0.88 

at. % 

Na 

-
1.34 

3.79 

5.17 

6.23 

8.80 

13.31 

17.65 

24.17 

29.94 

34.52 

Temper 

Arrest 
1 

-
160 

214 

230 

242 

245 

280 

319 

336 

336 

336 

ature of Th( 

Arrest 
2 

-
-
-
-
-
-
-
-
-

382 

392 

srmal Ar 

Arrest 
3 

147 

147 

147 

150 

150 

150 

164 

172 

197 

225 

228 

rest, °C 

Arrest 
4 

139 

136 

136 

136 

136 

134 

134 

134 

125 

-
-
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used to c o n s t r u c t the i sop le th r e p r e s e n t e d in F ig . 12. As d e t e r m i n e d by the 

l iquidus cu rve of the i sop le th , the so lub i l i ty of s o d i u m in the a l loy is a p p r o x 

imate ly 0.5 wt % at 177''C (350°F). The addi t ion of i nd ium to the t e r n a r y 

a l loy has the effect of d e p r e s s i n g the l iquidus c u r v e for a l l o y s conta in ing 

2-25 a t . % sod ium. T h i s effect can be seen 

c l e a r l y by c o m p a r i n g F i g s . 10 and 12. The 

i sop le th for the t e r n a r y a l loy s y s t e m and 

the i sop l e th for the q u a t e r n a r y a l loy s y s t e m 

a r e qui te s i m i l a r for the r a n g e of concen 

t r a t i o n s s tud ied . In g e n e r a l , the d i s c u s s i o n 

in the p r e c e d i n g p a r a g r a p h s wi l l a l s o apply 

to an a n a l y s i s of t h i s p a r t of the q u a t e r n a r y 

a l loy s y s t e m . 

V. CONCLUSIONS AND 

RECOMMENDATIONS 

Some p o s s i b l e m e t h o d s for i m 

prov ing the o p e r a t i o n of the E B R - I I ro ta t ing 

p lugs a r e d i s c u s s e d b r i e f l y in th i s sec t ion . 

In addi t ion , some spec i f ic r e c o m m e n d a t i o n s 

a r e m a d e c o n c e r n i n g the des ign of fusible 

s e a l s for future l i q u i d - m e t a l - c o o l e d r e a c t o r s . 
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SODIUM CONTENT, Ot. % 

Isopleth of 55.3 at. % Tin-
43.4at.'5'o Bismuth-1.36 at. % 
Indium-Sodium System T h e c o n c e n t r a t i o n of s o d i u m i n t h e 

E B R - I I f u s i b l e s e a l s i s c u r r e n t l y a b o u t 

0 .2 5 wt %. A s s u m i n g t h e u s e of s i l i c o n e o i l a s a b l a n k e t i n g m e d i u m , t h e 

c o n c e n t r a t i o n of s o d i u m i n t h e s e a l a l l o y w o u l d b u i l d u p t o a c o n c e n t r a t i o n 

of a p p r o x i m a t e l y 0 . 3 5 w t % i n f o u r m o n t h s . A f t e r t h e f o u r m o n t h s , p r e c i p i 

t a t i o n of s o l i d s ( N a B i ) w o u l d b e e x p e c t e d t o o c c u r a t t h e r a t e of a p p r o x i 

m a t e l y 2 5 I b / y r . S a m p l i n g a n d a n a l y s i s of t h e s e a l a l l o y a r e c o m p a r a t i v e l y 

s i m p l e , a n d t h e i n c r e a s e in t h e s o d i u m c o n c e n t r a t i o n i n t h e a l l o y c o u l d b e 

d e t e r m i n e d on a p e r i o d i c b a s i s . 

T h e m o s t c o n v e n i e n t w a y to r e d u c e t h e c o n c e n t r a t i o n of s o d i u m i n 

t h e s e a l a l l o y i s b y d i l u t i o n w i t h n e w a l l o y . A n e f f e c t i v e s e a l c a n b e m a i n 

t a i n e d w i t h a p p r o x i m a t e l y o n e - t h i r d of t h e s e a l a l l o y r e m o v e d f r o m t h e 

t r o u g h . C o m p l e t i n g t w o c o n s e c u t i v e d i l u t i o n s c o u l d r e d u c e t h e c o n c e n t r a t i o n 

of s o d i u m i n t h e s e a l a l l o y t o a p p r o x i m a t e l y 0 . 1 6 w t %, a n d r e p e a t i n g t h e 

d i l u t i o n p r o c e d u r e a t e i g h t - m o n t h i n t e r v a l s c o u l d m i n i m i z e t h e p r e c i p i t a 

t i o n of s o l i d s . A s p e c i a l l y d e s i g n e d p u m p h a s b e e n d e v e l o p e d t o p u m p t h e 

a l l o y f r o m t h e s e a l t r o u g h , ^ t h e r e b y f a c i l i t a t i n g t h e p r o c e d u r e f o r d i l u t i n g 

t h e s e a l a l l o y . 

A n o t h e r m e t h o d t h a t h a s b e e n c o n s i d e r e d f o r i m p r o v i n g t h e o p e r a t i o n 

of t h e r o t a t i n g p l u g s i s t h e a d d i t i o n of i n d i u m t o t h e s e a l a l l o y . T h e r e s u l t s 
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of a pre l iminary test of dros s-formation rate , discussed in Appendix A, 
show that the addition of a small amount of indium to the bismuth-tin alloy 
will reduce substantially the rate of dross formation. Sodium will be 
preferential ly oxidized at the surface of the alloy to produce sodium c a r 
bonate as the final product. Sodium buildup in the alloy will not be expected 
to occur, but sodium carbonate would accumulate on the surface of the seal 
alloy at the rate of 5-10 Ib/yr. Only prel iminary studies of this method 
have been completed. 

A more conservative approach to the problem would be the addition 
of indium to the seal alloy and the use of silicone oil as a blanketing medium. 
Since sodium is slightly more soluble in an alloy with indium than in one 
without indium, the first dilution to reduce the sodiunn concentration of the 
alloy would be required after approximately six months of operation. Sub-
seqiient dilutions would be required on a yearly basis . 

Another consideration is that the rotating plugs can be operated with 
a substantial amount of solids present in the seal alloy. It is estimated that 
as much as 50-100 lb of solid mater ia l would not interfere with the operation 
of the rotating plugs. The approach described above appears to be the most 
promising, but a thorough engineering analysis should be completed before 
arr iving at a final decision. 

As a resul t of this study several recommendations can be made con
cerning the design of a fusible seal for future sodium-cooled reac tors : 

1. The compatibility of all mater ia ls in contact with the seal alloy 
should be studied carefully. 

• 
2. The possibility of sodium transfer to the seal alloy should be 

eliminated, possibly by providing a secondary seal or a cold surface for 
trapping the sodium. 

3. Access to the seal should be considered of pr ime importance 
because of unforeseen problems that might make such access necessary . 

4. The provision of an inert atmosphere for the seal alloy would 
be des i rable , but the problem of designing a secondary gas seal is some
what formidable. For this reason, the selection of an alloy with long-term 
stability is of pr ime importance. 
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A P P E N D I X A 

S u p p l e m e n t a r y T e s t s a n d O b s e r v a t i o n s 

1. C o r r o s i o n 

S e v e r a l s p e c i m e n s of T y p e 3 0 4 s t a i n l e s s s t e e l w e r e e x a m i n e d a f t e r 

l o n g p e r i o d s of e x p o s u r e t o b i s m u t h - t i n e u t e c t i c a l l o y a n d t o b i s m u t h - t i n 

e u t e c t i c a l l o y c o n t a i n i n g I w t % i n d i u m . F i g u r e 13 i s a p h o t o m i c r o g r a p h of 

a s p e c i m e n of T y p e 3 0 4 s t a i n l e s s s t e e l a f t e r e x p o s u r e t o b i s m u t h - t i n e u t e c t i c 

a l l o y f o r 5 0 0 0 h r a t 1 7 7 ° C . T h e " b o n d " b e t w e e n t h e e u t e c t i c a l l o y a n d t h e 

s t a i n l e s s s t e e l w a s m e c h a n i c a l r a t h e r t h a n m e t a l l u r g i c a l . F i g u r e 14 i s a 

p h o t o m i c r o g r a p h of a T y p e 3 0 4 s t a i n l e s s s t e e l s p e c i m e n a f t e r e x p o s u r e t o 

b i s m u t h - t i n e u t e c t i c a l l o y c o n t a i n i n g 1 w t % i n d i u m f o r 1 5 , 0 0 0 h r a t 177°C. 

No " w e t t i n g " of t h e s p e c i m e n o c c u r r e d . A l t h o u g h t h e s e t e s t s w e r e c o n d u c t e d 

u n d e r s t a t i c c o n d i t i o n s , i t i s r e a s o n a b l e t o a s s u m e t h a t n o c o r r o s i o n ( d i s 

s o l u t i o n ) of T y p e 3 0 4 s t a i n l e s s s t e e l w o u l d o c c u r a s a r e s u l t of e x p o s u r e of 

e i t h e r of t h e s e a l l o y s a t t e m p e r a t u r e s u p t o 177°C ( 3 5 0 ° F ) . 

375X 
Fig. 13. Type 304 Stainless Steel Specimen after 

5000 hr of Exposure at m ° C (350°F) to 
Bismuth-Tin Eutectic Alloy 

375X 
Type 304 Stainless Steel Specimen after 
15,000 hr of Exposure at 177°C (350OF) to 
Bismuth-Tin Eutectic Alloy Containing 
1 wt 7" Indium 

2. T e s t of D r o s s - f o r m a t i o n R a t e 

P r e l i m i n a r y t e s t s of d r o s s - f o r m a t i o n r a t e w e r e c o m p l e t e d t o d e 

t e r m i n e t h e o p t i m u m c o n c e n t r a t i o n of i n d i u m fo r r e d u c i n g t h e r a t e of d r o s s 

f o r m a t i o n in t h e b i s m u t h - t i n e u t e c t i c a l l o y . A l l o y s a m p l e s f o r t h i s t e s t 

c o n s i s t e d of b i s m u t h - t i n e u t e c t i c a l l o y a n d b i s m u t h - t i n e u t e c t i c a l l o y c o n 

t a i n i n g a d d i t i o n s of 0 . 2 5 , 0 . 5 0 , a n d 1.00 w t % i n d i u m . T h e t o t a l w e i g h t of 

e a c h s a m p l e w a s a p p r o x i m a t e l y 900 g. T h e s a m p l e s w e r e a g i t a t e d w i t h 

a m o t o r - d r i v e n s t i r r e r f o r v a r i o u s p e r i o d s of t i m e a t a c o n s t a n t t e m p e r a t u r e 

of I 7 7 ° C ( 3 5 0 ° F ) . T h e s t i r r e r s p e e d w a s a p p r o x i m a t e l y 2 0 0 r p m f o r e a c h t e s t . 

F i g u r e 15 i s a p h o t o g r a p h of e a c h s a m p l e a f t e r c o m p l e t i o n of t h e t e s t s . 
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41.98 wt % Sn 
58.02 wt "yoBi 

41.85 wt 7oSn 
57.90 wt "yoBi 
0.25 wt % In 

41.73 wt "̂ oSn 
57.77 wt "ilBi 

0.50 wt "Jlln 

41.48 wt % Sn 
57.52 wt ^ B i 

1.00 wt % In 

Fig. 15. Dross Formation on the Surface of Bismuth-Tin Eutectic Alloys Containing 
Various Concentrations of Indium (Neg. No. ID-103-K5900 Rev. 1) 

S a m p l e s of d r o s s f r o m t h e 

1 w t % i n d i u m a l l o y w e r e e x a m i n e d 

m i c r o s c o p i c a l l y ( s e e F i g . 16) . T h e 

c h a r a c t e r of t h i s d r o s s w a s c o m 

p l e t e l y d i f f e r e n t f r o m t h e c h a r a c t e r of 

t h e d r o s s f r o m t h e b i s m u t h - t i n a l l o y i n 

t h a t n o e v i d e n c e of g r o s s o x i d a t i o n 

c o u l d b e s e e n m i c r o s c o p i c a l l y . A 

q u a n t i t a t i v e w e i g h t of t h e t o t a l d r o s s 

f o r m e d d u r i n g t h i s t e s t c o u l d n o t b e d e -

t e r m i n e d b e c a u s e of t h e n a t u r e of 

t h e d r o s s . 

375X 

Fig. 16. Photomicrograph of Dross from Bismuth-Tin 

Eutectic Alloy Containing 1 wt la Indium 

T h e d r o s s - f o r m a t i o n r a t e f o r 

t h e b i s m u t h - t i n e u t e c t i c a l l o y w a s 

0 . 0 1 5 g / c m ^ / h r ; t h e d r o s s - f o r m a t i o n 

r a t e s f o r t h e a l l o y s c o n t a i n i n g 0 . 2 5 a n d 

0 . 5 w t % i n d i u m w e r e 0 . 0 0 8 a n d 0 . 0 0 2 g / c m Y h r , r e s p e c t i v e l y . A l t h o u g h i t c a n 

b e c o n c l u d e d f r o m t h e s e t e s t s t h a t t h e o p t i m u m i n d i u m c o n c e n t r a t i o n f o r d e 

c r e a s i n g t h e r a t e of d r o s s f o r m a t i o n i s b e t w e e n O . S a n d 1.0 w t %, a d d i t i o n a l t e s t s 

u n d e r a c t u a l , s i m u l a t e d E B R - I I s e a l - t r o u g h c o n d i t i o n s a r e n e e d e d . 

3 . A l l o y P u r i f i c a t i o n 

A s e r i e s of t e s t s w a s c o n d u c t e d t o d e t e r m i n e if s o d i u m c o u l d b e s u c 

c e s s f u l l y r e m o v e d f r o m b i s m u t h - t i n e u t e c t i c a l l o y b y p r e f e r e n t i a l o x i d a t i o n of 

t h e s o d i u m w i t h a i r . S a m p l e s of a l l o y c o n t a i n i n g a p p r o x i m a t e l y 1.2 w t % s o d i u m 

w e r e s p a r g e d w i t h a i r f o r v a r i o u s p e r i o d s of t i m e . T h e s o d i u m c o n c e n t r a t i o n i n 

a l l s a m p l e s w a s r e d u c e d t o a p p r o x i m a t e l y 0 . 4 0 w t % a f t e r 10 m i n of s p a r g i n g , 

b u t a d d i t i o n a l s p a r g i n g d i d n o t r e d u c e t h e s o d i u m c o n c e n t r a t i o n f u r t h e r . T h e r e 

s i d u a l s o d i u m c o n c e n t r a t i o n w a s d u e t o o c c l u s i o n of s o d i u m o x i d e in t h e a l l o y . 

V i b r a t i o n of t h e s a m p l e s , f o l l o w e d b y s k i m m i n g , r e d u c e d t h e s o d i u m c o n c e n t r a 

t i o n t o a n a v e r a g e of 0 . 1 5 w t %. F i l t r a t i o n of t h e s a m p l e s w a s n o t a t t e m p t e d , 

,,.-* . . .^.•Id h o oT^nprterl t o r e d u c e t h e s o d i u m c o n c e n t r a t i o n s t i l l m o r e . 
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APPENDIX B 

Chemical Analysis 

1. Bismuth Determination 

After dissolution, samples for bismuth determinations were titrated 
with EDTA at a pH of approximately 2.8 using thymol blue as an indicator. 
Tin is complexed with fluoride. The estimated accuracy for this determi
nation is ±3%. 

Since April 30, 1968, bismuth has been determined by the atomic-
absorption method with an accuracy of ±2%. 

2. Tin Determination 

Tin content was determined by the fluorometric method using fla-
vonol." The estimated accuracy of this determination is ±5%. Tin has been 
determined by the atomic-absorption method, with an accuracy of ±2% 
since April 30, 1968. 

3. Sodium Determination 

Sodium determinations were completed by the f lame-emission-
spectrophotometer method with an estimated accuracy of ±5%. 
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